In adherent cells, such as osteoblasts and endothelial cells, the actin stress fiber structure is dynamically reorganized under changes in the surrounding mechanical environment such as cyclic stretch deformation or extracellular fluid flow. Although many studies have been conducted to clarify the biochemical signaling pathways in the reorganization process, details of the reorganization mechanism are still not clearly understood. In addition, to known biochemical mediators, intracellular tension has been proposed as a candidate mechanical mediator for stress fiber reorganization. In previous studies, it was reported that the release of intracellular tension by contracting the cell body induced the disassembly of the stress fiber as an initial phase of the reorganization process. However, in these experimental systems, deformation or force was applied to the entire cell body, so that it was difficult to directly discuss the relationship between the individual mechanical condition of stress fibers and the disassembling phenomenon. In this study, we have designed a novel experimental system by which local contraction was applied to a single osteoblast-like cell and intracellular tension in the targeted stress fiber was selectively released. The dynamic change in stress fiber structure was observed in the EGFP-tagged actin expressed osteoblast-like cell MC3T3-E1. The results indicated that only tension-released stress fibers were selectively disassembled and disappeared in a single cell. This result suggests that the existence of intracellular tension is essential for the dynamical stability of the stress fibers in osteoblast-like cells.
Introduction
The actin cytoskeleton is a dynamic structure, and its reorganization is essential in various cellular activities such as motility and cytokinesis (1) . Besides these reorganization phenomena, the change in the surrounding mechanical environment is also known to induce actin stress fiber reorganization; for example, the direction of the oriented stress fiber network-like structure in osteoblastic cells is changed by the application of cyclic stretch deformation or shearing flow of extracellular fluid (2) - (6) . In addition, it is believed that the actin cytoskeletal structure plays an important role in the mechanosensing mechanism by which cells can sense mechanical stimuli such as force and deformation (7) - (9) . We have reported that the structural characteristics of the stress fiber network affect the osteoblastic mechanosensitivity (10) - (12) . Therefore, an investigation to clarify the mechanism of the stress fiber reorganization induced by mechanical stimulus is important to gain understanding of the mechanosensing mechanism of the osteoblasts. Many studies have been conducted to approach the cytoskeletal reorganization mechanism from the viewpoints of molecular biology, and various biochemical signaling pathways have been proposed (13) - (15) . In addition to these biochemical mediators, intracellular tension is proposed as a candidate mechanical mediating factor in the fiber reorganization mechanism. The stress fibers contain filamentous actin polymer and myosin; therefore, it is known that the stress fibers are contractile (16) - (17) . This intracellular tensile force generated by the stress fibers is crucial for cellular functions, for example, cell adhesion (18) and remodeling of the extracellular matrix (19) . Besides such roles of intracellular tension in cellular functions, there are several experimental studies suggesting the hypothesis that intracellular tension is one of the mediators for stress fiber reorganization. Costa et al. (20) reported that compressive deformation applied to the cell body induced disassembly of the stress fibers as an initiating phase of stress fiber reorganization. In their experimental system, cells were plated on an elastic prestretched substrate, and the intracellular tension was released by contracting the substrate. Furthermore, we have evaluated the threshold magnitude of compressive strain that induces stress fiber disassembly (21) . These results imply that the release of tension in the fibers induces disassembly of the stress fiber. However, these previous studies applied deformation or force to the entire cell body, so that it is difficult to directly discuss the relationship between the individual mechanical condition of the stress fiber and the initiation of the disassembling phenomenon. In this study, we proposed a novel experimental system by which intracellular tension in the targeted stress fiber was selectively released in a single osteoblast-like MC3T3-E1 cell, and observed the change in stress fiber structure. In the experiment, focal adhesions that connect the stress fiber to the extracellular matrix were locally dissolved to release the targeted adhesion. This dissolving of the focal adhesions induced local contraction in a single cell, and the tension in the targeted stress fiber was selectively released. In this way, tension-released and tension-retained stress fibers coexisted in a single cell, and the reorganization process described below was observed.
Methods and Materials

Cell culture
Osteoblastic cells obtained from RIKEN BioResource Center (BRC) were plated in φ = 35mm glass bottom dishes (MatTek) at a density of 2.5 × 10 4 cells / dish, in α-MEM (ICN) containing 10% fetal bovine serum. Cells were incubated at 37℃, 5% CO 2 -95% air atmosphere and 100% humidity. In the case of the observation for actin reorganization, after preincubation for 24 hr, EGFP-Actin plasmid DNA (Clontec) was transfected into the cells using FuGENE6 transfection reagent (Roche Diagnostics) by the following procedure. During the transfection procedure, the medium was replaced by Opti-MEM (Qiagene) and cells were incubated in the medium containing plasmid DNA and FuGENE6 for 4 hr. Subsequently, the medium was replaced again by α-MEM containing 10% fetal bovine serum and the cells were further incubated for 48 hr for the expression of transfected EGFP-Actin DNA.
In the case of the observation for intracellular calcium signaling, after preincubation for 24 hr, the intracellular calcium ions were labeled using fluorescent dye Fluo 4 by incubating cells in Opti-MEM containing 2µM Fluo 4-AM (Dojindo) for 20 min at room temperature. After PBS rinsing, the medium was replaced with α-MEM for observation.
Method for local dissolving of targeted focal adhesions
In this study, we induced targeted stress fiber contraction by locally dissolving the focal adhesions in a subregion of a single osteoblastic cell. The stress fiber structure in osteoblastic cells connects its one of its ends to the extracellular matrix via a focal adhesion complex and its other end to another focal adhesion or the intracellular structures as shown in Fig.1(a) . Therefore, the local release of adherence between focal adhesions and the extracellular matrix induces the selective release of intracellular tension in the targeted stress fiber as shown in Fig.1(b) . Figure 2 shows the tip of the micropipette mounted on the microinjection system (IM-88H, Narishige) that was used to dissolve the targeted focal adhesion locally. In the present experimental system, focal adhesion was not fluorescently tagged. Therefore, it could not be observed in the experiment. We considered that focal adhesions locate at the end of stress fibers, and selected an area in which targeted focal adhesions are assumed to locate. To dissolve the focal adhesions locally, trypsin/EDTA (0.05% / 0.02%) (Sanko Jun-yaku) was squirted onto the targeted focal adhesions using the microinjection system. The size of the micropipette was approximately 10 µm and 6 µm in outer and inner diameters, respectively, so that trypsin/EDTA could be locally squirted to the targeted adhesions in a single osteoblast-like cell. The serum contained in the medium is expected to inhibit the activity of trypsin, so that the dissolving activity of the trypsin was limited within the local area around the micropipette tip, even though trypsin/EDTA diffuses into the surrounding area of the targeted adhesions. In this way, the local contraction was selectively applied to the targeted stress fiber to release the tension in a single osteoblast-like cell as shown in Fig.3 . Therefore, the coexisting situation of tension-released and tension-retained stress fibers in a single osteoblast-like cell could be set up. The experiment was conducted in an open atmosphere without any conditioning of air composition and humidity. The temperature of the medium was controlled to 36±1℃.
Fig.2 Superimposed image of experimental system (transmission image and fluorescent image). A targeted
focal adhesion, which is located near the micropipette tip, is selectively dissolved by microinjection of trypsin/EDTA. Although trypsin/EDTA diffuses into the surrounding area of the targeted focal adhesion, fetal bovine serum in the medium inhibits the activity of trypsin. Therefore, targeted focal adhesions can be selectively dissolved. Fig.3 Schematics of local contraction of stress fiber. Local dissolving of the targeted focal adhesion complex causes the selected contraction of the stress fibers, which connect to the released focal adhesion. In this way, a coexisting situation of tension-released and tension-retained stress fibers in a single osteoblast-like cell can be set up.
Fluorescent imaging of actin stress fibers and intracellular calcium signaling
The changes in stress fiber structure and intracellular calcium ion concentration induced by local dissolving of focal adhesions were observed using a confocal laser scanning microscope (Digital Eclipse C1, Nikon). This microscope also contains a differential interference contrast (DIC) microscope; therefore, fluorescent and DIC images could be obtained simultaneously. Images were obtained at 2.5 s intervals for the observation of the stress fiber structure, and at 1.0 s intervals for the observation of intracellular calcium ions, respectively. The objective lens was a 60x oil immersion lens, and the observed region was a 222 x 222 µm square area.
Results
Selective disassembly of actin fibers induced by local deformation of cell body including tension release of actin fibers
The change in stress fiber structure induced by the local contraction in a single osteoblastic cell is shown in Fig.4 . Figure 4 (a) shows a DIC image of the cell and a micropipette tip at the initial state. In the image, a single osteoblast-like cell is located at the center, and the micropipette tip is at the bottom. The dotted circle indicates the targeted area in which focal adhesions were locally dissolved by trypsin/EDTA. Figure 4(b) shows a fluorescent image of the stress fibers labeled by EGFP in the initial state. In this cell with a triangle-like shape, the stress fiber structure mainly consists of three groups, which connect to the focal adhesions, that are located in the upper corner of the triangle, and at the lower left and right corners. All of the stress fibers have a linear shape or an arc shape, which indicates that the intracellular tension in each fiber and the cytomembrane is in a mechanical equilibrium state to maintain their shape.
The time at which localized contraction initiated was defined as t = 0 s. The deformation continued to t = 20 s, and cell shape changed as shown in Figs.4(c) and (d). This localized contraction induced the selective contraction of the fibers which connected to the released focal adhesions as indicated by white arrow heads (A -A') in Fig.4(b) . In the contracting process, buckling-or bending-like deformation of the fibers was not observed. Therefore, it was suggested that this contraction of the targeted fiber did not proceed to the compressive state but to the stress-free configuration. The magnitude of contraction of this fiber (A -A') was evaluated as approximately -32%. On the contrary, contractile deformation was not observed in other fibers connected to the unreleased focal adhesions, for example, as indicated by white arrows (B -B') in Figs.4(b) and (d) . Figure 4 (e) shows the stress fiber structure at t = 200 s. The outlines of the cell shape shown in Figs.4(d) and (e) look almost the same, suggesting that the focal adhesions that were not in the targeted area kept their adherence, and that the fibers connected to the unreleased focal adhesion did not show contracting deformation. In these unreleased stress fibers, the structure could be clearly observed and the fibers seemed to keep their structure. Contrary to this, in the tension-released stress fiber (A -A') shown in Fig.4(b) , the structure turned into a blur as shown in Fig.4(d) . To show the change in structure of the tension-released stress fibers from t = 20 to 200 s clearly, the magnified images are shown in Fig.5 , where the dotted box in the left image is magnified. Figure 5(a) shows the state approximately after the tension release (t = 20 s), and Fig.5(b) shows the state after the fibers disappeared (t = 200 s). Although the fibers indicated by white arrows have clear structures at t = 20 s (Fig.5(a) ), the fiber structure changes into a blur structure or disappears at t = 200 s (Fig.5(b) ). In the present experimental system, we could not control the amount of cell contraction, so that there was a variation in time for cell contraction. The time length of cell contraction was 31±19 s (mean±SD, n = 5), and the time length required to change the fiber structure blur was 164±21 s. In this disappearing process, the fragmentation or gradual disappearance of fiber ends was not observed; that is, the entire fiber became unclear gradually. In this study, we succeeded in making such a situation in which tension-released and tension-retained stress fibers coexsit in a single cell for 5 cells, and each cell was incubated separately. Because of the preparation and set up of the trypsin/EDTA injection system, we used one dish for the each observation. All of these cells showed similar phenomena. That is, only tension-released stress fibers were disassembled, and its structure became unclear. On the other hand, tension-retained stress fibers clearly kept their structure. Therefore, we considered this as general cellular response, and illustrated a typically observed result here. The cell body locally contracted, and the stress fibers which connected to the dissolved focal adhesion (A -A') also selectively contracted. On the other hand, the stress fibers that did not connect to dissolved focal adhesions (B -B') did not contract. (e) At t = 200 s after the initiation of the local contraction, only the tension-released stress fibers changed into the blur structure. On the contrary, the tension-retained stress fibers kept a clear structure. 
Local deformation of cell body without tension release of actin fibers
Such disappearance of the stress fibers, however, was not observed in the cells that did not show fiber contraction, even though local contraction in the cell body occurred as shown in Fig.6 . In this case, as shown in Fig.6(a) , released focal adhesions were in the upper area of the image. Although the application of trypsin/EDTA induced the local change in the cell shape as shown in Figs.6(c) and (d), fiber contraction was not observed as shown by white arrows (A -A'), which can be understood by comparing Figs.6(b) and (d) . Although in the case shown in Fig.5 , the contractile deformation of the cell body continued for 20 s. In this case, as shown in Fig.6 , the contraction time was twice as long. This means that contractile deformation proceeded more gradually. The time length of cell shortening without fiber contraction was 48±19 s (mean±SD, n = 8). To compare the change in fiber structure after the application of contractile deformation, it is necessary to match the time length after the termination of the deformation. In the stress fiber structure, after 180 s from the end of cell body contraction (t = 220 s) (Fig.6(e) ), there was no significant difference compared with the structure of the cell in Fig.6(d) . Furthermore, in the magnified image (Fig.7) , there was no significant difference between fibers approximately after the termination of contraction (Fig.7(a) ) and fibers at t = 220 s (Fig.7(b) ). The fiber structure in the cell was maintained after the application of local contraction, and no significant change in structure was observed. We observed 8 cells that showed a local contraction without the tension release of actin fibers. In all of these cells, disassembling of actin fibers was not observed. that did not connect to the released focal adhesion did not contract. (e) At t = 220 s, the structure of the stress fibers remained clear; that is, disassembly of the fibers was not observed. At t = 220 s, the stress fibers maintained a clear structure; that is, disassembly of the stress fibers was not observed. Figure 8 shows the obtained images of the change in the intracellular calcium ion concentration induced by the application of local contraction. Figure 8(a) shows the initial state of the cell. In the Fig.8(a) , the white dotted line indicates the entire cell body, and the white circle shows the area in which focal adhesion complexes were selectively dissolved. After the application of trypsin/EDTA, the cell body contracted in the direction indicated by the white arrow. In Fig.8 , the time right before the initiation of cell contraction was defined as t = 0 s (Fig.8(b) ). The contraction of cell body continued until t = 10 s, and the shape of the cell body was changed as shown in Fig.8(c) . In this contracting process, the change in the intracellular calcium concentration was not observed. At t = 12 s, an increase in the fluorescent intensity of Fluo 4 was observed around the center of the cell body ( Fig.8(d) ). This increase in the fluorescent intensity propagated throughout the entire cell body in 2 s, and magnitude of the fluorescent intensity of Fluo 4 also increased ( Fig.8(e) ). The magnitude of the fluorescent intensity of Fluo 4 was maintained at its peak for more than 15 s, and a decrease in the fluorescent intensity was not observed at the time point t = 30 s as shown in Fig.8(f) .
Change in intracellular calcium ion concentration induced by local deformation of cell body
Discussion
In previous studies, several researchers have reported that the application of mechanical stimulus induces the reorganization of the stress fibers. In their experimental systems, deformation or force as a mechanical stimulus was applied to the entire cell body via deformation of the elastic substrate on which cells adhere (2) , (5), (6), (20) or by applying shear stress through the extracellular fluid flow (3) . Therefore, it is difficult to directly demonstrate the relationship between the mechanical condition of individual stress fibers and fiber reorganization. In other words, it is difficult to separate one from several types of effects, for example, the effect of tension release in stress fibers and that of biochemical signaling activated by the application of mechanical stimulus to the cell body. Therefore, in the present study, we set up a situation in which tension-released and tension-retained stress fibers coexist in a single osteoblast-like cell, and the change in the stress fiber structure after the application of contraction was observed. As a result, only tension-released stress fibers were selectively disassembled. This result directly suggests that the existence of tension in the stress fiber is crucial for the dynamic stability of the fiber structure. The biochemical signaling might be activated in the entire cell body by the application of contraction; however, only tension-released stress fibers are selectively disassembled. In fact, intracellular calcium concentration, which is a candidate biochemical modulator of the actin reorganization mechanism (22) , was transiently increased in the entire cell body within 12 s when the local contraction was applied using the experimental system in this study. The observed result in this study, in which the tension release in the stress fiber induces the disassembly of the fiber, gives us a hypothetical explanation for the mechanical stimulus-induced actin reorganization phenomenon. That is, the directions of the oriented stress fibers in osteoblasts and other adherent cells are rearranged perpendicular to the cyclically stretching direction. However, it is difficult to explain the other actin reorganization phenomena such as the stress fiber rearrangement parallel to the applied shear stress direction due to the fluid shear flow. One hypothesis can be proposed to explain this; that is, the actin reorganization mechanism may consist of two phases, the actin disassembling phase and assembling phase. In this case, there may be two types of mediators that modulate the actin disassembling or assembling reactions, and two different types of mechanism for such reactions. Other studies of the mechanical-stimulus-induced stress fiber reorganization showed a completely rearranged stress fiber structure; for example, the direction of oriented stress fibers was completely rearranged. Therefore disassembling and assembling mechanisms were not considered separately in these studies. In this study, we observed the disassembling phase of the stress fiber structure, while we did not observe the assembling phase which probably follows the disassembling phase. Therefore, the effect of tension on the assembling mechanism of stress fibers was not considered in this study. Further study must be conducted to evaluate the effect of tension on the individual assembling and disassembling processes of the stress fiber structure.
It is important to discuss the physical meaning of the necessity of tension in maintaining stress fiber stability. In the disassembling process of the stress fiber, various biochemical factors play essential roles. It is probably not appropriate to consider that tension in the stress fiber directly affects the activities of such biochemical modulators. It may be reasonable to assume that the tension in the stress fiber affects the conformation of molecules. In our speculative hypothesis, the secondary or higher-order structure of the peptide chain in the stress fiber is mechanically stabilized by the existence of tension force. In addition, the tension release may cause a conformational change in the stress fiber, and consequently this conformational change brings a change in affinity between actin molecules and actin modulating proteins, which directly associate with actin. On the basis of this hypothesis, we believe, however, that tension existing in stress fibers is important for maintaining the stability of the stress fiber structure. There is some debate on whether tension or strain plays a crucial mediating role in the stress fiber reorganization; in fact, we have quantitatively evaluated the strain magnitude that induces the stress fiber disassembly in our previous study (21) . We now propose here a hypothesis regarding this issue. It is believed that the stress fiber itself can contract, and tension always exists in the fiber. If the fiber was shortened at a sufficiently low velocity compared with the ability of fiber self-contraction, the disassembly of stress fiber might not arise. Because low-velocity shortening might have kept tension in the fiber owing to self-contraction, and existing tension maintained the conformation of actin fiber molecules. Although we believe in the importance of tension to maintain the stress fiber structure, it is difficult to conduct an in situ measurement of fiber tension in living cells. Therefore, in our previous study, the cells were made to contract at a relatively high velocity to minimize the effect of self-contraction. That is, high-velocity shortening might exceed the ability of fiber self-contraction, and induce tension release. In the case of high-velocity contraction, by considering that there was some relationship between the magnitude of tension release and the fiber strain, we evaluated the magnitude of strain required to induce stress fiber disassembly. The examination of these hypotheses will be the next challenge clarifying the mechanism of mechanical-stimulus-induced stress fiber reorganization.
